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To discuss the dineutron correlation in the ground state, the quasi-free neutron knockout
reaction on 6He is investigated. In the present work, the momentum distribution of the two
emitted neutrons is calculated with the α + n+ n three-body model and a simple reaction model
to assess the effects of the knockout process via the 5He resonance and the target dependence
in the momentum distribution. A clear signature of the dineutron correlation can be obtained
by choosing the kinematical condition so the process via the 5He resonance is excluded because
the 5He resonance drastically changes the momentum distribution. Using the proton target is
important in the quantitative discussion on the dineutron correlation by the knockout reaction.
In addition to theoretical arguments, a possible experimental setup to determine the dineutron
correlation via the quasi-free knockout reaction is considered.
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1 introduction
The two-neutron halo structure observed in 6He, 11Li, etc. is one of the most interesting
topics in neutron-rich nuclei [1, 2]. Two-neutron halo nuclei are Borromean systems, where
the binary subsystems do not have bound states. They have been extensively studied theo-
retically and experimentally to understand their exotic binding mechanisms. Theoretically,
two-neutron halo nuclei have been investigated using the core + n + n three-body mod-
els [3–12], which indicate that the correlations between halo neutrons are important in the
bindings [3, 7]. It has also been shown that such a two-neutron correlation in the ground state
is characterized as a spatially correlated neutron pair, the so-called dineutron [3, 6, 8, 10].
Coulomb breakup reactions have been employed to experimentally investigate the cor-
relation between halo neutrons through the excitation mechanism of two-neutron halo
nuclei [13–18]. The cross sections in the Coulomb breakup reactions exhibit a low-lying
peak just above the breakup thresholds. This peak should be responsible for the proper-
ties in weakly bound halo neutrons. The investigation of the ground-state structure of the
dineutron based on a sum rule for the low-lying E1 transition have led to a lot of argu-
ments concerning the relation between the sum-rule value and the geometrical configuration
of halo neutrons [12, 18–20]. In most cases, it is assumed that the E1 transition strength is
directly deduced from the Coulomb breakup cross section and a two-neutron halo nucleus
is described as the core + n + n three-body system where the core nucleus is taken to be
inert. With the above assumption, the sum-rule value of the low-lying E1 transition depends
only on the geometrical configuration of the halo neutrons in the ground state [19]. This sum
rule is referred to as the “cluster sum rule”. The opening angle between two halo neutrons,
which is a good measure of the spatial correlation of halo neutrons, has been obtained with
the cluster sum rule: For the 11Li case, the opening angle between two halo neutrons was
derived as 48+14
−18 degrees from the observed Coulomb breakup cross section [18].
Theoretically, on the other hand, it is shown that the Coulomb breakup reactions have
some problems when extracting information about the ground-state structure of two-neutron
halo nuclei. Firstly, the low-lying peaks in the cross sections are governed by strong final-
state interactions (FSIs) and the sequential decay via the core + n resonance dominates the
low-lying peak [11, 12]. This fact shows that the geometrical configuration in the ground
state cannot be extracted from observables other than the cluster sum-rule value. Secondly,
the cluster sum rule itself would be invalid when the ground state of two-neutron halo nuclei
contains a certain amount of the excited components of the core nucleus: In the cluster sum
rule, the core nucleus is assumed to be inert. However, in the 11Li case, the sum rule value
is reduced by about 15 % upon considering the 9Li core excitation [12]. To overcome the
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above problems and to discuss the dineutron more quantitatively, other kinds of reactions
are desired.
The knockout reaction is another useful tool to investigate the ground-state structure of
nuclei. In fact, for two-neutron halo nuclei, 11Li and 14Be, the one-neutron knockout reaction
has been employed by bombarding them onto a 9Be target, and the contributions of the S-
and P-states were discussed using the angular distributions of the emitted neutrons [21]. In
the results of Ref. [21], the relative contributions of different partial waves in 11Li were deter-
mined by considering the interference between different parity partial waves, which appears
as asymmetry in the angular distribution. Although the interference between different parity
waves is critical for the dineutron correlation, the dineutron correlation is not discussed in
Ref. [21]. Thus, It should be of interest to discuss the dineutron correlation from the asym-
metry in the angular distribution of the knocked-out neutron from the two-neutron halo
nuclei.
The purpose of this work is to investigate the possibility of extracting more quantitative
and more reliable information about the dineutron correlation in Borromean nuclei by means
of the proton-induced neutron knockout reaction. Although 6He is used as an example,
the method in this paper is applicable to any Borromean nuclei. In one-neutron knockout
reactions of two-neutron halo nuclei, the other halo neutron is immediately emitted due to
the Borromean nature. We calculate the momentum distribution of the two emitted neutrons
and discuss the spatial correlation between the neutrons. In particular, the distribution of
the opening angle between the momentum vectors of the two emitted neutrons is determined.
We hereafter refer this opening angle between the momentum vectors to as the “correlation
angle”.
To discuss the spatial correlations, we consider the quasi-free condition to minimize the
FSIs in the knockout reaction. In the quasi-free condition, the knocked-out neutron with a
high-momentum transfer is almost free from the FSIs; hence, it provides information about
the ground-state structure. Furthermore, it is essential to use a probe as it allows the inner
part of the two-neutron wave function to provide a clear signature of the dineutron correlation
from the knockout reaction. In this work, we show that a proton target is a suitable probe.
Comparing the results of proton and 12C targets shows that a proton target contrasts to
heavy ions.
It is also important to minimize the effect of the knockout process via the 5He resonance
to discuss the dineutron correlation in 6He. If the knockout reaction is dominated due to
the 5He resonance, the correlation angle distribution is governed by the 3/2− single-particle
orbit corresponding to the 5He resonance. Such a dominance of the single spin-parity orbit
suppresses the asymmetry in the distribution because the asymmetry originates from the
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interference between different parity single-particle orbits. In this work, we estimate the
effect of the process via the 5He resonance on the distribution and try to elucidate the
kinematical condition that excludes the contribution from the knockout process via the 5He
resonance.
In the last part, a possible experimental setup that meets all the requirements of the the-
oretical arguments is considered. A high-momentum transfer, high statistics, and availability
to pin down the state of the core are the keys.
This paper is organized as follows. In Sec. 2, we briefly explain the α + n + n three-
body model for 6He and the calculation of the knockout reaction. In Sec. 3, we calculate the
momentum distribution and discuss the effect of the knockout process via the 5He resonance
and target dependence in the momentum distribution. From the calculated distribution, we
show the possibility of directly measuring the dineutron in 6He. In addition to the theoretical
arguments, a possible experimental setup to determine the dineutron correlation via the
quasi-free knockout reaction is considered. All the results and discussions are summarized in
Sec. 4.
2 model
2.1 α + n + n three-body model for 6He
Before discussing the knockout reaction, the α + n + n three-body model for 6He is
briefly explained. To solve the relative motion of the α + n + n system, we employed the
orthogonality condition model (OCM) [22].
In the α + n + n OCM, the wave function for 6He is described as
Φ6He = Φαχnn, (1)
where the wave function of the α core is expressed as Φα. The α core is described by the
harmonic oscillator wave function for the (0s1/2)
4 configuration. To reproduce the observed
charge radius of 4He, the oscillator length bc is taken as 1.4 fm.
The relative wave function of the α + n + n system is obtained by solving the following
Schro¨dinger equation;
Hˆχnn = Eχnn. (2)
Equation (2) can be accurately solved with a few-body technique. Here we employed the
variational method called the hybrid-V T model whose detailed explanation is given in
Ref. [7].
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Table 1 Ground-state properties of 6He. Two-neutron separation energy S2n and matter
and charge radii Rm and Rch are presented. Probabilities of the partial wave components
P ((lj)
2) in the relative coordinate set shown in Fig. 1 are also listed.
Present Exp.
S2n (MeV) 0.975 0.973
1
Rm (fm) 2.46 2.48±0.03
2
2.33±0.043
2.504
Rch (fm) 2.04 2.068(11)
5
P ((p3/2)
2) 87.5 %
P ((p1/2)
2) 3.6 %
P ((s1/2)
2) 7.9 %
P ((d5/2)
2) 0.4 %
P ((d3/2)
2) 0.1 %
P ((f7/2)
2) 0.3 %
P ((f5/2)
2) 0.1 %
The total Hamiltonian in Eq. (2) is given by
Hˆ =
3∑
i=1
tˆi − Tˆcm +
2∑
i=1
Vˆαn(ξi) + Vˆnn + VˆPF + Vˆαnn, (3)
where tˆi and Tˆcm are the kinetic operators for the i-th particle and the center-of-mass motion
in the α + n + n system, respectively. For two-body interactions of α-n and n-n, we used
the effective interactions, which reproduce the scattering observables for each subsystem. We
used the KKNN potential [23] for Vˆαn, where ξi is the relative coordinates between the α
particle and the i-th neutron. For Vˆnn, we used the Minnesota force [24] with an exchange
parameter of 0.95.
The Pauli principle between the α core and the neutrons is taken into account by the
so-called pseudo potential VˆPF. The pseudo potential is a projection operator to remove the
Pauli forbidden state φPF from the relative motion between the α core and the neutrons,
and is given by
VˆPF = λ|φPF〉〈φPF|. (4)
The Pauli forbidden state is defined as the 0s orbits occupied by the α core. In the present
calculation, the strength λ is taken as 106 MeV.
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In the α + n + n OCM, the ground state of 6He is slightly underbound using only
two-body interactions. To reproduce the ground-state properties, we introduced the effective
αnn three-body interaction [11, 30], which is given by
Vˆαnn = V3e
−µ(ξ21+ξ
2
2), (5)
where V3 and µ are determined to reproduce the observed binding energy and matter radius of
the 6He ground state. Here V3 and µ are taken as −1.503 MeV and 0.07/b
2
c fm
−2, respectively.
Table 1 lists the ground-state properties obtained with the three-body interaction.
2.2 One-neutron knockout cross section from 6He
We considered the neutron knockout reaction on 6He by a proton target at 250
MeV/nucleon. The cross section for the (p,pn) reaction on 6He is given by
d9σ
dkdKdP
∝
(2pi)4µR
~2P0
|TP0(k,K,P)|
2 , (6)
where P0 is the incident momentum of
6He in the center-of-mass system and µR is the reduced
mass corresponding to the relative motion between the proton and 6He. The T -matrix in
Eq. (6) is defined as
TP0(k,K,P) =
〈
φ0(P,R)⊗Ψ6He(k,K, r,ρ)
∣∣∣Vˆf
∣∣∣ψ(P0,R)⊗ Φgs(r,ρ)
〉
(7)
in the post-form representation, where φ0 is a plane wave between the target and the projec-
tile. The interaction in the final state Vˆf is the sum of the interactions between the proton
and each constituent particle in 6He. The wave functions of 6He in the initial ground state
and the final scattering one are represented by Φgs and Ψ6He, respectively. The initial scat-
tering wave between the target and the projectile is given by ψ. The relative coordinates
and momenta in Eqs. (6) and (7) are defined as shown in Fig. 1.
A simple reaction model where the knockout process via the 5He resonance and the
absorption effect by the target nucleus are taken into account is used in the calculation. We
approximate the initial scattering wave ψ as
ψ(P0,R) = D(R)e
iP0·R, (8)
where D(R) is the damping factor for the absorption by the proton target. Furthermore,
only the p-n interaction Vˆp-n is considered as a residual interaction for the neutron knockout
by a proton target. Hence, the other interactions in Vˆf are operated on the wave function in
6
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α core
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Fig. 1 (Color online) Relative coordinates and momenta employed in the present
calculation.
the final state φ0. Operating these interactions on the final-state wave function transforms
φ0 to
φ0(P,R)→ ψ
′(P,R) = D′(R)eiP·R, (9)
where D′(R) is the damping factor coming from the final-state interactions between the α
core and the outgoing particles.
From the above procedure, the T -matrix in Eq. (7) can be rewritten as
TP0(k,K,P) =
〈
D′(R)eiP·R ⊗Ψ6He(k,K, r,ρ)
∣∣∣Vˆp-n
∣∣∣D(R)eiP0·R ⊗ Φgs(r,ρ)
〉
. (10)
To calculate the T -matrix in Eq. (10), we employed the zero-range interaction for Vp-n. The
T -matrix using the zero-range interaction gives a similar result to the calculation with an
averaged NN cross section over kinematics, while the absolute value of the knockout cross
section cannot be reproduced.
When the zero-range interaction is employed, the T -matrix in Eq. (10) is obtained as
TP0(k,K,P) = V0
〈
Ψ6He(k,K, r,ρ)
∣∣∣D˜(ρ)eiq·ρ
∣∣∣Φgs(r,ρ)
〉
, (11)
where V0 is the strength of the p-n interaction and q is related to the transferred momentum
as q = 5(P0 −P)/6. The damping factor D˜(ρ) in Eq. (11) is given by
D˜(ρ) = D
(
5
6
ρ
)
·D′
(
5
6
ρ
)
. (12)
To estimate the absorption effect on the T -matrix, we defined the damping factor D˜ by
the product of the eikonal S-matrices for the target and the two outgoing particles
D˜(b) =
3∏
i=1
exp
[
1
i~vi
∫
∞
−∞
Ui(b, z)dz
]
, (13)
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where i is the index of the scattering particles, vi is the velocity of the ith particle relative to
the α particle, and Ui is the distorting potential for the ith particle. The damping factor D˜
is obtained as a function of the impact parameter b. Because we strive to roughly estimate
the absorption effect, we assumed that the b dependence of D˜ is similar to its ρ dependence.
For the nucleon-nucleus distorting potential, we adopted the Dirac phenomenology [31];
for α-12C, the nucleon-12C potential is folded by the density of the α particle following
the nucleon-nucleus folding model calculation in Ref. [32]. It is noted that the distorting
potentials are given by finite-range ones and only the imaginary part of each potential is
included in the evaluation of the damping factor D˜. A more proper treatment of the distortion
effects, including the distortion by the real parts of Ui, will be discussed in the forthcoming
paper.
Considering the quasi-free condition, the scattering wave function of 6He, Ψ6He, is
described as
Ψ6He(k,K, r,ρ) = ψα-n(k, r)⊗ e
iK·ρ. (14)
The relative motion between the knocked-out neutron and the rest is described by a plane
wave since the knocked-out neutron is free from the FSIs in the quasi-free condition. To take
the process via the 5He resonance in the knockout reaction into account, the 5He residue is
expressed by the exact scattering wave function of α + n ψα-n. The wave function ψα-n is
solved with the same α-n interaction as that used in Eq. (3). Combining Eqs. (11) and (14)
gives
TP0(k,K,P) = V0
〈
ψα-n(k, r)⊗ e
iK·ρ
∣∣∣D˜(ρ)eiq·ρ
∣∣∣Φgs(r,ρ)
〉
. (15)
From Eq. (15), we also defined the following T -matrix;
T (k,K′) =
∫∫
dKdPTP0(k,K,P)δ
(
K′ −K+ q
)
= V0
〈
ψα-n(k, r)⊗ e
iK′·ρ
∣∣∣D˜(ρ)
∣∣∣Φgs(r,ρ)
〉
,
(16)
where K′ = K− q.
Using Eqs. (6) and (16) the double-differential cross section is expressed as
d2σ
dkα-ndθ
∝
(2pi)4µR
~2P0
· V 20 ·
d2W
dkα-ndθ
, (17)
where kα-n is the relative momentum between the α particle and the neutron in the
5He
residue, and θ is the correlation angle between two momenta k andK. In the present analysis,
we calculated d2W/dkα-ndθ to discuss the spatial correlation between halo neutrons in
6He.
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The two-dimensional momentum distribution d2W/dkα-ndθ is defined as
d2W
dkα-ndθ
=
∫∫
dkdK′δ (k − kα-n) δ
(
θ′ − θ
) ∣∣∣〈ψα-n(k, r)⊗ eiK′·ρ
∣∣∣D˜(ρ)
∣∣∣Φgs(r,ρ)
〉∣∣∣2 , (18)
where cos θ′ = kˆ · Kˆ′. This distribution gives
∫∫
d2W
dkα-ndθ
dkα-ndθ = 1 (19)
when D˜(ρ) = 1. We also defined the correlation angle distribution for two emitted neutrons
by integrating Eq. (18) over kα-n as
dW
dθ
=
∫
d2W
dkα-ndθ
dkα-n. (20)
3 results
3.1 Dineutron correlation in the ground state
Before discussing the knockout reaction, we first demonstrated the momentum distri-
bution of the two halo neutrons in the ground state of 6He. To obtain the ground-state
momentum distribution, we calculated d2W/dkα-ndθ by neglecting the absorption effect and
the α-n interaction in the final state. Thus, we assumed that the damping factor D˜ is unity
and replaced the scattering wave function of α + n ψα-n(k, r) with the plane wave e
ik·r in
Eq. (16).
Figure 2 shows the calculated momentum distribution. From the definition of
d2W/dkα-ndθ in Eq. (18), the distribution in Fig. 2 is just the Fourier-transformed ground-
state wave function of 6He. The momentum distribution in Fig. 2 has a two-peak structure
and the strength near (kα-n, θ) = (0.4 fm
−1, 135 degrees) is enhanced compared to the other
peaks. This enhancement is due to the dineutron correlation in the ground state of 6He,
because it is intuitively understood that the angular distribution in the momentum space is
opposite to that in the coordinate space.
This dineutron correlation in the momentum space is also seen in the correlation angle
distribution. The distribution dW/dθ calculated by Eq. (20) is similar to the result in Fig. 2.
Figure 3 shows the correlation angle distribution, which has a two-peak structure as expected
from the result in Fig. 2. The peak at θ > 90 degrees, which corresponds to the dineutron
correlation, is slightly higher than that at θ < 90 degrees.
The dineutron correlation seen in the distributions of Figs. 2 and 3 is clearer in the
distribution of d2W/dkα-ndθ with a fixed relative momentum for α + n. Figure 4 shows the
distributions with fixed values of kα-n. Here we chose two momenta: kα-n = 0.2 and 1.0 fm
−1.
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Fig. 2 (Color online) Two-dimensional momentum distribution of the halo neutrons in
the ground state of 6He, which is calculated neglecting absorption and the α-n FSI.
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Fig. 3 (Color online) Correlation angle distribution of the halo neutrons, which is
calculated neglecting absorption and the α-n FSI.
At kα-n = 0.2 fm
−1, a significant enhancement is found at larger angles, which corresponds to
the dineutron correlation. On the other hand, the distribution at kα-n = 1.0 fm
−1 shows an
enhancement at smaller correlation angle, which corresponds to the cigar-like configuration.
These results show that the dineutron correlation in the ground state is developed in the
surface region of 6He, which corresponds to the small momentum between the α core and
the neutron.
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Fig. 4 (Color online) Ground-state momentum distributions of the halo neutrons with
fixed kα-n. Red (solid) and blue (dotted) lines represent the distributions for kα-n = 0.2 and
1.0 fm−1, respectively.
In our calculation, the asymmetry in the distributions in Fig. 4 is predominantly due to
the interference between the (0p3/2)
2 and (1s1/2)
2 components. In the ground state of 6He,
the mixing of the (0p3/2)
2 and (1s1/2)
2 components is caused by the strong two-neutron
correlation. The relative phase between (0p3/2)
2 and (1s1/2)
2 changes at kα-n ∼ 0.5 fm
−1
because the single-particle wave function of 1s1/2 has a node at kα-n ∼ 0.5 fm
−1. This change
in the relative phase results in the interference patterns at kα-n = 0.2 and 1.0 fm
−1 to differ
from each other.
3.2 Effect of the knockout process via the 5He resonance
Next, we investigated the effect of the process via the 5He resonance on the momentum
distribution. To investigate the effect of the process via the 5He resonance, we calculated
the distribution by including the α-n interaction in the final states. Here, we focused on
the effect of the process via the 5He resonance, while the absorption effect is neglected by
assuming that the damping factor in Eq. (16) is unity.
Figure 5 shows the calculated momentum distribution d2W/dkα-ndθ. The inclusion of the
α-n FSI drastically changes the distribution compared to the result in Fig. 2. The distribution
is concentrated on the kα-n ∼ 0.2 fm
−1 region and has a symmetric two-peak structure with
respect to θ = 90 degrees. This distribution shape shows that the knockout reaction of 6He is
dominated by the process via the 5He(3/2−) resonance. The resonance energy of 5He(3/2−)
is coincident with kα-n ∼ 0.2 fm
−1 and the symmetric two-peak structure comes from the
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Fig. 5 (Color online) Two-dimensional momentum distribution of the emitted neutrons
in the knockout reaction, which is calculated without absorption from a target.
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Fig. 6 (Color online) Correlation angle distribution of the emitted neutrons in the
knockout reaction, which is calculated without absorption from a target.
(p3/2)
2 configuration of the two emitted neutrons, which is favored by the process via the
5He resonance.
Furthermore, in the correlation angle distribution dW/dθ (Fig. 6), any signature of the
enhancement of the dineutron correlation is not found. By including the process via the 5He
resonance, the distribution changes so that the largest peak is at θ < 90 degrees and the
contribution from the dineutron correlation becomes smaller than that from the cigar-like
one.
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Fig. 7 (Color online) Momentum distributions of the emitted neutrons in the knockout
reaction with fixed kα-n. Red (solid) and blue (dotted) lines represent the distributions for
kα-n = 0.1 and 0.4 fm
−1, respectively.
The results in Figs. 5 and 6 show that the inclusion of the 5He resonance drastically
changes the distribution and the signature of the dineutron correlation from the knockout
reaction of 6He. To clarify the signature of the dineutron correlation in the knockout reaction
of 6He, it is important to minimize the effect of the process via the 5He resonance on the
momentum distribution.
For this purpose, we calculated the distribution d2W/dkα-ndθ by fixing the relative
momentum between the α + n. Here, we chose off-resonant α-n relative momenta. The angu-
lar distributions calculated with kα-n = 0.1 and 0.4 fm
−1, which are respectively smaller and
larger than the α-n relative momentum corresponding to 5He(3/2−) resonance, are shown
in Fig. 7. For the smaller momentum, kα-n = 0.1 fm
−1, the distribution shows the clear sig-
nature of the dineutron correlation at θ > 90 degrees, while the distribution for the larger
momentum, kα-n = 0.4 fm
−1, shows the cigar-like peak.
By gating on the α-n relative momentum, the asymmetric shapes in the momentum
distributions are similar to those in Fig. 4. This fact shows that it is essential to choose
the kinematical condition to exclude the process via the 5He resonance when discussing
the dineutron correlation by the knockout reaction. On the other hand, the correlation
angle distribution calculated by integrating over kα-n, shown in Fig. 6, is not useful when
investigating the spatial correlation such as a dineutron.
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Fig. 8 (Color online) Damping factor for the neutron-knockout reaction on 6He by a
proton target at 250 MeV/nucleon, which is shown as the red (solid) line. For reference, the
blue (dotted) line shows that by a 12C target.
3.3 Effect of the absorption by the target nucleus on the momentum distribution
We estimated the absorption effect by the target nucleus on the momentum distribution.
Before discussing the absorption effect, the damping factor used in the present calculation
is shown. Figure 8 compares the damping factor for the proton target given in Eq. (12) with
that for the 12C target for reference. The proton target is much more transparent than the
12C one. The damping factor for the proton target is 0.57 at the origin, while that for 12C
target is only 0.06.
Using the damping factors shown in Fig. 8, we calculated the momentum distributions
with fixed values of kα-n. To see the target-dependence of the momentum distributions, we
calculated the distributions for both the proton target and the 12C one. Figures 9 and 10
show the calculated distributions for kα-n = 0.1 and 0.4 fm
−1, respectively, compared to the
distribution without the damping factor.
Figures 9 and 10 show the results where the asymmetry in the momentum distributions
is suppressed as the absorption becomes stronger. For both kalpha-n = 0.1 and 0.4 fm
−1,
the distributions for the 12C target are more symmetric than those for the proton target,
suggesting the employing the proton target is essential to investigate the spatial correlation
of halo neutrons from the momentum distribution in the quasi-free knockout reaction.
Furthermore, from an experimental point of view, it is crucial to use a transparent target
such as a proton. Absorption by the target nucleus reduces the strength of the momentum
distribution, and the absorption effect on the distribution is significant, especially in the case
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Fig. 9 (Color online) Momentum distributions of the emitted neutrons with distortion
effects for kα-n = 0.1 fm
−1. Red (solid) and blue (dotted) lines represent the distributions
of the knockout reactions by the proton and 12C targets, respectively. Black thin line is
the distribution without absorption. Distributions for the proton and carbon targets are
multiplied by the factors indicated in keys to adjust the magnitude of the largest peak in
the distribution without absorption.
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Fig. 10 (Color online) Same as Fig. 9 but for kα-n = 0.4 fm
−1.
of the 12C target. For kα-n = 0.4 fm
−1, the strength at the peak position for 12C is 7.37 times
smaller than the case without absorption, while that for the proton is 1.72 times smaller.
The transparent target provides clean data, while the heavier target with a large absorption
makes the experimental statistics low.
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Table 2 Kinematical conditions in the inverse kinematics. The scattering and azimuthal
angles for the recoiled proton and the knocked-out neutron are given in unit of degrees.
6He projectie incident energy 150 MeV/nucleon
recoiled proton energy acceptance Ep ≤ 50 MeV
scattering angle 25 ≤ θp ≤ 65
azimuthal angle −20 ≤ φp ≤ 20
knocked-out neutron scattering angle 25 ≤ θn ≤ 65
azimuthal angle 160 ≤ φn ≤ 200
3.4 Experimental approaches to the two-neutron correlation
Here, the experimental feasibility to extract the signature of the two-neutron correlation
is discussed. First we estimated the cross section for the (p, pn) reaction on 6He. The cross
section is calculated by the distorted-wave impulse approximation (DWIA) since we could
not reproduce the absolute value of the cross section using the present model with a zero-
range p-n interaction. In the DWIA calculation, we used the optical potentials from the Dirac
phenomenology and considered the kinematical conditions listed in Table 2. Integrating over
the kinematics, the cross section for the (p, pn) reaction on 6He is obtained as 2× 102 µb,
which is subsequently used to estimate the typical value of the cross section by gating on
the relative momentum kα-n. With a gate width of 50 keV for the α-n relative energy, the
cross section is on order of 1µb.
The experimental extraction of the signature of the two-neutron correlation discussed
above demands (i) selection of the (p, pn) events with a sufficiently large momentum transfer,
(ii) high statistics to divide the correlation angle distribution according to kα-n, and (iii) a
kinematically complete measurement to tag contribution from the excited core states. In the
following, an inverse kinematics experiment with a hydrogen target is considered. A recoil
proton and a knocked-out neutron could be detected in dedicated detectors placed sideways.
A decay neutron and a residual ion after the (p, pn) reaction could be analyzed with a large
acceptance magnetic spectrometer (e.g., the SAMURAI [33] at RIBF and the ALADIN at
GSI) equipped with high-efficiency neutron detector arrays.
To suppress possible effects of three-body FSIs, momenta of the recoil proton and the
knocked-out neutron should be sufficiently larger than the nucleon Fermi momentum in a
nucleus, which is about 1.3 fm−1. This condition could be fulfilled using beams with incident
energies higher than 200 MeV/nucleon and restricting the recoil proton energy so that it
exceeds 80 MeV. Radioactive nuclear beams at more than 200 MeV/nucleon are presently
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available at the RI Beam Factory in Japan and the GSI in Germany and will be available at
the FRIB in the USA in the near future.
Selecting the high-momentum transfer condition is inevitably accompanied with a small
cross section. The (p, pn) cross section is estimated to be on the order of 1 µb by the
DWIA calculation with a gate of 50 keV for kα-n. To obtain sufficient statistics for the
momentum distribution at each kα-n for the small cross section, the experiment demands
unprecedentedly high luminosity, typically of 1029 cm−2sec−1. This could be realized with
high-intensity radioactive nuclear beams at an intensity of 105−6 sec−1 and a thick liquid
hydrogen target (thickness of 1023−24 cm−2). An example of the latter is the MINOS[34],
which is a device consisting of a very thick liquid hydrogen target and a time projection
chamber surrounding the target. The target thickness is adjustable and can be as high as
1024 cm−2. Determination of the vertex position with the time projection chamber allows
the energy loss of the beam and the residual ions in the target to be corrected. Consequently,
high luminosity experiments could be realized without a significant loss in the experimental
resolutions.
A high luminosity enables tagging of the excited core contribution in Borromean nuclei.
The effects of the unbound core states, which are considered to be significant in 11Li, could
be explored with invariant mass spectroscopy of the excited core states. On the other hand,
those of the bound excited core states, which is more important in heavier Borromean nuclei,
could be tagged through γ-ray detection with a high-efficiency scintillator array. New data on
the effects of excited cores should reveal unexplored aspects of Borromean nuclei, resulting
in a better understanding of the two-neutron correlation in the nuclei.
4 summary
We investigated the dineutron correlation in 6He using the quasi-free neutron knock-
out reaction. In the present analysis, we calculated the momentum distribution of the two
emitted neutrons, and compared them with that in the ground state to discuss the spatial
correlation between halo neutrons. The pattern of the calculated momentum distribution dif-
fer from that in the ground state due to the knockout process via the 5He(3/2−) resonance.
To minimize the effect of the process via the 5He resonance on the momentum distribution,
we also demonstrated the momentum distribution by choosing the off-resonance region for
the α-n relative momentum. By selecting the α-n relative momentum such that the pro-
cess via the 5He resonance is excluded, the distribution shows patterns similar to the ground
state. For a lower α-n relative momentum, the calculated distribution shows a clear enhance-
ment at a larger correlation angle between the momenta of the two emitted neutrons. This
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result suggests that the spatially correlated neutron pair is in the surface region of the halo
nucleus 6He. In addition, we discussed the effect of the absorption by the target nucleus
on the momentum distribution. The absorption by the target reduces not only the magni-
tude of the momentum distribution but also the asymmetry in the distribution. Our results
indicate that the use of the proton target, which is the most transparent probe sensitive to
neutrons, is essential to investigate the spatial correlation of halo neutrons. Furthermore, we
also discussed a possible experimental setup to meet all the requirements according to the
theoretical arguments.
In the present calculation, we use the simple reaction model, in which the zero-range
p-n interaction is adopted for the knockout part and only the absorption effect is taken into
account in the distorting potentials. A more quantitative analysis based on the distorted-wave
impulse approximation will be performed in the forthcoming paper.
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